N EARLY three hundred years ago, Harvey described the filling of tlmventricles of the heart as follows : "The blood enters the ventricles not by any attraction or dilation of the heart, but by being thrown into them by the pulses of the auricles; and when I speak of pulses as occurring in the auricles or ventricles, I mean contractions."
Precisely the same idea as to the mechanical action involved in the filling of the ventricles is expressed in the best and most widely read of modern elementary text-books of physiology in these words : L' At each systole of the auricles the ventricles are filled, and the auricles emptied." 1 Thus, down to the present day, a great number, perhaps a majority of all the students who acquire the elements of physiology are taught that the systole of the auricles fills the ventricles.
Hill says that even at the present time, "little can be added to Harvey's admirable description." 2 It is probable that Harvey based his description of the mechanics of the filling of the ventricles more upon such animals as the frog, than upon the mammalian heart.
It is only with difficulty that the eye can follow the complicated movements of the mammalian heart, Indeed Harvey himself was at one time almost inclined to think with Frascatorius, '( that the motion of the heart was only to be comprehended by God."
In such an animal as the frog, on the contrary, the relations of the movements of the various parts of the heart are more easily followed ,3 Even an unskilled observer with a frog's heart beating before him can see, or believes that he sees (once the genius of Harvey has shown him what to see), that the contraction of the auricle fills the ventricle.
Indeed it is probable that the persistence with which the idea that the systole of the auricles plays an important part in the fillin g of the ventricles so long held its place in the minds of physiologists, was due to their familiarity with the almost diagrammatic picture which the frog's heart seems to afford.4 l HUXLEY'S Lessons in Elementary Physiology, first published in 1866, repeatedly revised by HUXLEY, then by Sir MICHAEL FOSTER and Dr. SHEKIDAN LEA, and finally by Dr. F. S. LEE, last American edition, 1905, p. 80. 2 LEOSARD HILL in SCBXFER% Text-book of physiology, Igoo, ii, p, z 8 It must be remembered that when HARVEY denied that *'the ventricles are filled by any attraction or dilatation" of their own, he was addressing the disciples of GALEN, who believed in a suction action of the heart very different from that which some modern authorities deduce from GOLTZ and GAULE'S discovery of a cc negative pressure " in the ventricles.
4 An extraordinary example of the persistence of this view is afforded by LANDOIS'S Text-book of Hum-an Physiology.
This work has been through ten large editions in the original German, and numerous translations.
Yet it teaches (American edition, 1904, p. 97 ) that "the effect of the auricular contraction is the distension of the relaxed ventricles which in small measure are dilated by the elastic traction of the Iungs." Accompanying this statement in a manner to VuZtime Cwzfe of Vedhdes of the MummaZiua
Heurt, 327
Modern investigators have almost without exception recognized that auricular systole is only an accessory factor in the mechanics of the mammalian heart. The importance assigned this factor has almost invariably diminished with each successive writer. According to the description recently published by Howell x the filling of the ventricles is accomplished thus: I6 As soon as the ventricular relaxation is complete the pressure of blood in the auricles opens the auriculo-ventricular valves, and from that moment until the beginning of the auricular systole the blood from the large veins is filling both ventricles and auricles. The ventricles become more tense and the auriculo-ventricular valves are floated into position ready for closure? The auricular systole sends a sudden wave of blood into the ventricles, dilating them still further."
Again Howell speaks of auricular systole as '(a ;apid peristalsis which sweeps a portion of the blood before it into the ventricle." . In respect to the increased distention of the ventricles produced by auricular systolti it may be added that Erlanger,3 in whose experiments the movements of the heart were recorded by means of tambours, found -and his curves demonstrate -that ('it sufficed to record the movements of the right ventricle alone when the auricles were beating vigorously, for under such circumstances the contractions of the auricles send distinct waves into the ventricles."
Since a wave does not necessarily involve a flow, the question offers itself, -Does this wave which auricular systole causes to sweep over the ventricles and which is so striking a feature in the appearance of the heart's activity, really produce any considerable increase in the volume of the ventricles? presented in this paper shows that it does not.
The evidence
In a review of the literature of the Diastole of the Heart by Ebstein 4 which has recently appeared in the Ergebnisse der Physiologie, one hundred and eighty-seven papers are quoted. They present a bewildering array of experiments, observations, and theories.
remove all question as to its meaning are two diagrammatic representations of the mammalian heart, which exhibit the filling of the ventricles precisely as this event appears in the frog. 1 HOWELL, W. H.: Text-book of physiology, rgos, pp. 480 and 488. s Such a movement of the auriculo-ventricular valves was demonstrated by the present writer by means of a working model of the heart before the American Physiological Society in December, 19o4. LOC. cit. 8 ERLANGEK, J.: This jouraal, 1906, xvi, p. 163. 4 EBSTEIN, E,: Erbegnisse der Physiologic. Dritter Jahrgang, ii Abteilung, pp* rzFrg4.
They seem to justify the position of Tigerstedtl who, after mentioning the physical factors which may be supposed to take part in the movement of the blood from the auricles into the ventricles, has expressed the conclusion that in the present state of our knowledge tile dative importahce of these factors cannot be determined with any precision.
No extended critique of the literature will here be at tempted.
Only a few of the more distinct theories will be quoted. These are selected with reference to the distinctness of the picture which they afford of t-he flow into the ventricles, rather than for an explanation of the force or forces which cause the flow. Diagrams are also herewith presented showing the form which, as it seems to the writer, the cardiac plethysmogram would have according to the various theories.
In Fig. I is expressed the manner oE the filling of the ventricles according to the statement of Harvey already quoted. The initial down stroke represents the systolic emptying of the ventricles. The succeeding horizontal line shows the collapsed and empty condition of the chambers.
The sudden rise, occupying only a tenth of a second, is the refilling of the ventricles by auricular systole.
Brircke a in, his celebrated theory of the r' Selbststeuerung des Herzens," held that the ventricles are distended by the pressure of the blood transmitted through the coronary vessels from the aorta. Under these conditions the refilling would begin immediately after the completion of systole. The rate at which the heart would be distended would depend' largely upon the rate at which the muscle fibres relax and yield to the stretching force.
Briicke's explanation of the part played by auricular systole is not accessible to the writer.. F1 'g. 2 seems with this omission a fair interpretation of Briicke's theory.
Roy and Adami 3 describe the manner in which they believe the ventricles to be filled, (Fig. 3) as first a rapid inflow in the early part of diastole, then a slower flow or cessation of flow during the latter part of diastole, and finally I4 a phase of increased rapidity of flow . . . owing to the successive contraction of the veins and auricles." Such a description certainly leaves much to be desired. Htirthle 2 has given a similar description of the period of the filling of the ventricles. (Fig. 4,) Fransois-Franck a recognizes two periods in the filling of the ventricles. " A first gradual inflow commences at the moment of ventricular relaxation and lasts lInti the instant of auricular systole; the repletion is then completed by the tide of blood sent into the ventricle by the auricle at the instant of auricular systole." Frarqois-Franck accompanies these statements with the diagram herewith reproduced ( Fig. 7) Fig. 2 . Such a curve indicates (1) that at the moment of ventricular relaxation, the blood rushes into the ventricle in such volume that the ventricle is more than two-thirds filled in the first third of diastole;
(2) that in the next third of diastole, the fillillg of the ventricle is completed by a gradually lessening stream through the auriculo-ventricular valves; (3) that the filling of the ventricle is therefore complete before the occurrence of auricular systole.
Since the volume curve runs parallel to the abscissa at the period of auricular systole, it signifies that the auricular systole injects no appreciable quantity of blood into the ventricle.
Luciani 1 believes in an active diastolic expanding force in the myocardium.
He describes the cardiac plethysmogram as (I) a steeply descending line corresponding to the systolic discharge, (2) a steeply ascending line (often exhibiting notches) corresponding to the active diastole, and (3) a gradually ascending line (sometimes horizontal or even slightly descending) corresponding to the passive diastole and pre-systole, or contraction of the auricles, As this is a description of the plethysmogram of the whole heart, Luciani pcrints out that at the instant of auricular systole the curve does not truly show the movement of blood between the auricle and vetWicle.
( Fig. 6 .) The cardio-pneumatic curves have been regarded by most writers as expressing the variations in the volume of the blood in the thorax. Haycraft and Edie, 2 however;regard them as oncometric records of the. cardiac volume. In many cases these curves reveal an up stroke at the very beginning of diastole as steep and as high as is the down stroke corresponding to the systolic discharge.
Finally, mention must be made of the conclusions reached by Otto Rank3 which, although based on experiments on the excised frog's heart, are highly significant for the dynamics of the mammalian heart as well. They have been summarized by Burden Sanderson 4 as follows : rf (J) The isometric curve of muscle is represented by the pressure curve of the systole of the charged ventricle with arrested f Quoted from EBSTEIN'S review in the Erg&&se der H~ysiologie, rgo4, iii, 2, p 181. 
INVESTIGATIONS
The method employed by the majority of the investigators, who in moder;n times have studied the mechanics of the heart, has consisted in recording the pressure changes in the chambers of the heart and in the blood vessels. Undoubtedly it is true, as Porter expresses it, that 46 the filling of the heart is the result of differences of pressure between the great veins, auricle, and ventricle."
The measurement of these pressures has been accomplished with such perfection of FIGURE 7. technic as to leave little need of improvement. Yet the conclusions in respect to the filling of the ventricles to which such investigations have led, leave much to be desired* For the study of this problem the writer therefore had recourse to a method of recording the volume changes of the heart, -the pressure curves being recorded synchronously merely to show the periods.
The majority of previous volumetric observations upon the mammalian heart have been directed toward determining the gross change in volume (the volume of the systolic discharge) rather than to the details of the form of the volume curve,-as for instance, in th6 investigations of Johansson and Tigerstedt?
The Upon them Luciani based the generalizations already quoted.
These volume curves were obtained from dogs by means of a fistula in the pericardial sack. Through the fistula the pericardium was distended with air. The volume changes of the heart were recorded While some of bv means of a tambour connected with Stefani's tracings are essentially similar to the fistula. those given in the present paper, others exhibit a wide variety of forms.
As early as 1877 Francois-Franc& 4 had obtained graphic records of the volume changes of the dog's heart and of the ventricles of the human heart from a case of ectopia cordis.
based the diagram and description already given.
Upon these data he
In some of his experiments on dogs the pericardiai sack was used as the cardiometer. In others ti glass vessel was slipped over the heart and made air tight by tying the pericardium over the free edge of .the vessel. This cardiometer was then connected with a tambour to which the volume changes of the heart were transmitted by the air?
The methods employed by Stefani and by Fransois-Franck (except in the case of ectopia cordis) involved the enclosure of the entire 1 ROY and ADAMI: Philosophical Transactions, 1892, clxxxiii, B, p. 202. 2 This similarity is especially evident in the records in whick the heart was slowed by stimulation of the vagus. ROY heart, auricles as well as ventricles, within the air space connected with the recording tambour. Under such conditions a movement of blood from the auricles into the ventricles would, theoretically at least, have no effect whatever upon the volume curve, Whether the auricles discharge a large volume of blood into the vetltricles or none at all, the volume curve would in either case run parallel to the abscissa. These methods therefore can yield no conclusive evidence with regard to the movements of the blood through the arlriculo-ventricular orifices during the period of auricular systole. The volume curves to be given in this paper were obtained by means of a plethysmograph or cardiometer in which the ventricles only were included.
METHOD OF EXPERIMENTATION.
Al? the experiments were performed upon dogs. The animals received a moderate dose of morphine, and were then anesthetized with ether ad ministered by means of a valxxizing flask tracheal cannula. In the first series of experiments come LIpon ctccl with a twen ty-five dogs artificial respiration was administered by means of a hand bellows. In the second series upon twenty dogs, advantage was taken of the immense improvement in technic originated by Sauerbruch 1 and simplified by Rrauer? Thus when the thoracic cavity was opened the tracheal cannula was immediately connected with a T-tube of which one opening led to a large gasometer (supplied by'a pump) containing air at a constant pressure of 10 mm. of mercury. From the other opening of the T-tube, the expired air was allowed to escape throllgh a Mueller valve properly adjusted. Under these conditions the lungs are distended to about their normal capacity and follow the respiratory movements of the ribs and diaphragm so well that the animal continues to breathe in a wholly natural manner even when, as in some of these experiments, the period of observation lasts for many hours.
?'he T-tube and tracheal cannula must not be directly connected.
Tf they are, the volunx of the stationary air is so reduced that the aninlal respirates itself into acapnia and thus into shock, If, however, the cannula and T-tube are connected by a wide tube, 25 to 50 cm. in length, shock does not occ~f.
SAUEKBWCH:
Mitteilungen aus den Grenzgebieten der Medizin und Chirurgi e, 1904, xiii, Art. xvii.The thorax was opened by an incision through all the costal cartilages at their junctions with the ribs, and through the ensiform appendage.
Hemorrhage was prevented by placing a ligature about the internal mammary arteries and veins at a point close to the origin of the former.
The sternum and costal cartilages, with the adherent muscles and skin, formed a lid which could be lifted to allow the adjustment of the cardiometer upon the ventricles. After this adjustment the lid was closed down, the crack along its edge packed with cotton wool, and the animal covered with a cloth to avoid cooling.
The cardiometers employed were constructed from light rubber balls.
It was important that they should neither be so large as to encroach seriously upon the space needed by the lungs, nor so small as not to give ample room for the ventricles to expand to the fullest extent.
It was necessary, therefore, to have half a dozen of these balls ranging in diameter from 7 cm. to x I cm. In each ball a round window (of a diameter 0.7 that of the ball) was cut. Over the window a piece of sheet rubber (dental-dam) was cemented. The centre of this curtain was then cut out, leaving a hole (of a diameter 0.6 that of the window). In the opposite sicle of the ball a glass tube was inserted which connected the interior of the ball with a rubber tube (10 mm. interior diameter and 120 cm. long), which led to the recording tambour. One or the other of two tambours (IO cm. and 12 cm. diameter respectively) was used according to the size of the animal. They were similar in construction to the Marey tambour of ordinary size* Each was capable of registering a volume considerably greater than was ever required in the observations, without stretching the rubber enough to involve any appreciable rise or fall of pressure. By means of a large syringe they were tested as to their capacity to follow large and rapid volume changes. The stylus of the tambours was found to follow, without appreciable lag, movements of the plunger of the syringe of considerably greater volume and rapidity than those occurring in the experiments.
After each experiment the tambour was graduated by connecting it with a flask into which water was measured from a burette.
Thus a scale in cubic centimetres was drawn on the smoked paper.
Before the adjustment of the cardiometers upon the heart, the pericardial sack was cut open, so that it could be rolled back entirely off the auricles as well as from the ventricles.
All risk of compression of the auricles or veins was thus avoided. The cardiometer was V&me Carve of Vmtm'da of the Mmmdiun Heart. 335 then slipped over the ventricles until the curtain around the window fitted snugly in the auriculo-ventricular groove.
The circular curtain, while exerting only a very slight pressure, nevertheless fitted sufficiently well to prevent anv leak of air in or out., as could be readily test&i after deaih.
VALIDTTY OF THE VOLUMETRIC METHOD.
The question now arises, Can the volume changes of the exterior of the ventricle be taken as identical with the volume changes of the ventricular chambers ? The adjustment of the cardiometer over the ventricle is shown in Fig. 8 . From this figure it can be seen that any movement of the ventricle inward or outward through the window of the cardiometer would occasion a serious error in the volume record. The utmost care was taken, therefore, to adjust the cardiometer so that the rubber curtain should hold the *window in an unvarying position upon the auriculo-ven tricular groove.
In order that the exterior and interior volume changes of the ventricles shall be identical, it is essential that the septum formed by the closed mitral and tricuspid valves shall remain practically flat. Roy and Adami 1 believe th,at the papillary muscles draw the flaps of the valves inward, and thus assist in emptying the ventricles.
If such is the case, the true rate of the systolic discharge will not be correctly portrayed in the volume curve of the exterior of the ventricles.
During diastole, however, no error is thereby threatened.
Finally, it is obvious that changes in the volume of blood in the coronary vessels will influence both the form and amplitude of the volume curve? In the first series of experiments a Gad metal membrane manometer was employed ; in the second series, a Htirthle spring manometer. Magnesium sulphate solution was the medium of transmission.
Porter has shown that in records of the intraventricular pressure changes I' the height of the [systolic] up stroke and the depth of the [diastolic] negative pressure cannot be correctly given in the same " 2 In respect to the record of di astolic pressures a systolic troke o f correc t heigh t is the first evidence of a false curve." Our interest lay primarily in the events of diastole. In respect to systole distinct indications of the points of onset and completion of the period were the only features of importance.
In our experiments the manometers were for these reasons either left entirely undamped, or were damped as slightly as was compatible with the indication of these points. To this lack of damping is due the large inertia distortion in the up stroke of many of our pressure curves. Moreover, if the converse of Porter's statement be also true, the incorrect height of the up stroke in our curves indicates their approximate accuracy in respect to the pressures during ventricular diastole. On this view the absence of any negative pressure in some of our curves and the brevity of its duration in all others demonstrate that in these experiments the ventricles on passing into diastole exerted no suction sufficient to be considered as an important factor in the filling of their chambers.
GRAPHTC RECORDS OF THE FIRST SERIES OF EXPERIMENTS.
An example of the tracings obtained in the first series of experiments is given in Fig. 9 . The meaning of such a record is to be gathered by carefully noting the synchronous relations of the pressure and volume curves. Taken together these curves afford an expression of the mechanics of the heart similar to that which an engineer obtains in the indicator diagram of a steam engine.
1 The catheter must be bent. Otherwise the displacement of the heart by the cardiometer may cause the catheter to puncture the posterior wall of the ventricle. If bent too much the catheter by pressing upon the interventricular septum is liable to induce a discharge of extra-systoles, as in Fig. ~3 , Period of discharge.
-
We may conveniently begin the interpretation of the records at the instant (marked I in both curves) before the occurrence of ventricular systole.
The ventricles are full. The volume curve is at its highest point.
With the onset of systole the pressure within the ventricle rises abruptly.
But for an instant longer the volume is not diminished.
Then as the pressure reaches a point (between I and z) at which it exceeds the pressure in the arteries, the volume curve starts downward. The abruptness with which the descent begins indicates the suddenness with which the semilunar valves are thrown open, and the blood is shot into the arteries.
The steepness of the descent shows the rapidity with which go per cent of the discharge is accomplished. This portion of the descent is almost a straight line; therefore the rate of discharge is uniform. As it nears the bottom of the descent, the-volume curve rounds away to a blunt point (3 to 4). Thus the discharge slows, and then ceases. At the corresponding point (4) in the pressure curve, the pressure suddenly falls. This shoulder at the end of the The zero level in the graduation of this and succeeding curves represents merely a convenient line of reference, having no determined relation to entire e,mptiness of the ventricular chambers.
pressure 6J plateau " is generally recognized as marking the completion of systole and the closure of the semilunar valves. That this shoulder and the blunt point of the volume curve occur together affords further evidence in favor of this view.
The column of blood rushing through the semilunar orifices does not suck blood into the arteries after the contraction of the heart muscle is at an end, as was believed by Moens?
If such were the case the point would succeed the shoulder. The ventricle does not continue in systole after the discharge is ended, as held by Roy and Adami, otherwise the point would precede the shoulder.
Archiv fiir die gesanmte Physiologic, 1897, xx, p. 531.
A small dose of atropin, however, induces the latter condition by interfering with the diastolic relaxation of the ventricle, When this drug is administered the amplitude of the plethysmogram of the dog's heart is greatly diminished while the form of the curve is very similar to that shown in Fig. I , Period of filling.
-It is probable that for a brief period immediately following the completion of systole, during which ventricular pressure falls to the abscissa, all the heart valves are closed (4 to 5). Yet comparison of the pressure and volume curves shows that during this period the latter rises sharply. This initial increase in the bulk of the ventricles is probably due to the rush of blood from the aorta into the coronary vessels which are now released from the compression incident to systole. In many records a slight notch in the volume curve marks the end of this brief period.
At the instant that ventricular pressure reaches the abscissa (at 5) a further rise in the volume curve occurs. At this instant therefore the auriculo-ventricular valves are opened by the pressure of the blood in the auricles, and the refilling of the ventricular chambers commences. From this point the volume cln-ve swings upward, and by a line steep and often nearly straight almost to its summit, then curving quickly until parallel to the abscissa, it expresses the refilling of the ventricles.
The rapidity of the inflow indicated by this rise of the volume curve is startling; for it shows that the refilling of the ventricles occurs early in diastole, and that it is as rapid a process as is the systolic emptying.
Period of rest. -During the latter part of diastole,l the volume curve runs parallel to the abscissa, indicating that during this period no movement of blood into the ventricle occurs (from 7 on). It is well recognized that this period is of very variable duration.
Differences in the rate of the heart beat are effected almost entirely by lengthening or shortening this period. In a very rapidly beating heart it entirely disappears. The volume curve then becomes simply a series of sharp up and down strokes following each other in immediate and rapid succession. Auricular apstole.
If the contraction of the auricles drives blood before it into the ventricles, the volume curve must show, just prior to the down stroke of ventricular systole, a rise proportional to the volume of blood which the auricles inject.
In many volume records no such rise occurs.
1; others, as in the record under discussion, a slight wave in the volume curve coincident with auricular systole may be seen. It indicates, .apparently, that the contraction of the auricles increases the ventricular volume to the extent of a few drops at most.
Often the volume curve falls again after this auricular rise and before the onset of ventricular systole.
There is, indeed, a chance for error in the volume curve during this period; but the probable error will be to exaggerate, rather than to obscure, the auricular rise. As the cardiometer tilts the ventricles upward, their weight rests in part upon the auricles.
Thus the contraction of the latter may, and frequently does, lift the heart somewhat further into the cardiometer.
When this error is avoided by care in the adjustment of the instruments, the graphic records show that the systole of the auricles moves at most only a fraction of a cubic centimetre of blood into the ventricles.
It appears very probable that the wave which auricular systole induces and which presents so deceptive an appearance as it travels rapidly over the ventricles, must cause the complete closure of the auriculo-ventricular valves which were probably floated into position ready for closure by the cessation of the inflow at 7.l This description of the volume curve holds true only when the heart is beating vigorously and under conditions as near the normal as possible. After extensive hemorrhage, for example, the amplitude of the heart beat is diminished, and the filling of the ventricles may occur in two distinct stages. The volume curve then takes a form similar to Fig. 3 . It may be that this indicates that, when the pressure of the blood in the veins is insufficient to distend the ventricles to their full capacity, the r6 peristalsis-like wave of the auricular contraction" assists in the filling of the ventricular chambers.
SECOND SERIES OF EXPERIMENTS.
In Fig. I [O is represented an example of the records obtained in the second series of experiments. As already stated, the animals were maintained by a natural respiration of compressed air. Intraventricular pressure was recorded by a Hiirthle manometer. In ad-dition to the volume curve, obtained as in the earlier experiments, the movements of the auricle were also recordeh.
For this purpose a miniature cardiometer (z to 3 cm. in diameter) was slipped over the right auricular appendage,l and connected with a small tambour. In the auricular records the down stroke after the diastolic pause marks the cont.raction of the auricular aDDendage; the succeeding up stroke rate of relaxation often observed its relaxation. The waves which follow in many of the tracings were caused by the movements of the ventricles, and are of no present interest.
Comparison of the synchronous lines in Fig. 10 exhibits the same relations between the pressure and volume curves as those already noted in Fig. 9 , The volume record, however,after the rapid inrush of blood in the early part of diastole, rises in this particular case more gradually than in most of the records obtained. This is probably due to a more gradual relaxation of the cardiac muscle, -an observation for which the variations in the in striated muscle furnishes an analogy.
The onset of auricular systole occurred at the point marked I, A scarcely perceptible wave in the volume curve developed at this point. The pressure within the ventricle was not perceptibly increased.
The volume of blood which was moved through the auriculo-ventricular valves by the auricular systole was therefore practically nil.
A more detailed study of the relations of pressure and volume is afforded by Figs. I I and 12, In the upper record (Fig. rr) aortic pressure, the auricular movements and the ventricular volume are shown. Noteworthy are the differences in the lfolume of the systolic discharge of the rapidly succeeding heart-beats accompanying inspiration, and of the slow but fuli beats occurring between respirations.
f This cardiometer was held in place by a ligature placed upon the tip of the auricular appendage and drawn out through the small opening of the cardiometer before this opening was connected with the tambour.
In this record the volume curve is distorted by the movements of the diapkagm against which the cardiometer was pressed. Immediately after obtaining the record, the cardiometer was readjusted upon the heart so as not to be thus affected.
The catheter connected with the manometer was passed through the aortic valves into the left ventricle. The kymograph was set for a somewhat higher speed; and the lower record (Fi g. 12) was obtained.
Comparison of the three curves in each record and of the two records with each other shows that the commencement of auriculas systole occurs at the point marked I, At z ventricular systole begins ; at 3 the pressure in the ventricle has risen to 80 mm., and equals the pressure in the aorta.
The semilunar valves are opened at this point and aortic pressure rises rapidly.
At the same instant the volume curve begins to descend, indicating the commencement of the ventricular discharge., At 4 a slight notch in the volume curve OCcurs; at the corresponding point ventricular pressure reaches the peak (185 mm.) which precedes the plateau ; and arterial pressure attains the summit of the primary pulse wave (170 mm.).
At 5 systole is complete. Ventricular pressure falls below aortic pressure (125 mtn.). At this instant occur in striking coincidence the blunt point of the volume curve, the shoulder of the ventricular pressure curve, and the dicrotic notch in the aortic pressure curve.
At 6 ventricular pressure has fallen to the abscissa, and as the ventricles rapidly refill the volume curve moves upward., At 7 the ventricles are full. Neglecting the refilling of the coronary vessels the volume curve indicates that zg CC. of blood has entered each ventricle.
From this point onward until the onset of the next ventricular systole no increase in ventricular volume occurs. There is, however, a slight rise of ventricular pressure above the abscissa coincident with auricuiar systole, Together these two observations indicate that the ventricles are already filled so completely that auricular systole in this case does not inject even a fraction of a cubic centimetre of blood, although the force of its contraction is sufficient to cause a slight rise of ventricular pressure. It seems probable that under these conditions the auriculo-ventricular valves are closed at the completion of auricular systole, which occurs two UP three hundredths of a second before the onset of the next ventricular systole.
After obtaining the record above discussed, the instruments were again adjusted.
As a result of this readjustment the ventricles executed after each regular systole an extra-systole as showtn in Fig. 13 . Records Fig. 11 gives an incomplete measure of the volume changes as compared with the volume record in Fig. 12 , because the cardiometer was ntit adjusted so that the rubber curtain fitted up near the auriculo-ventricular groove. Furthermore, this curve in Fig. 11 is distorted by the movements of the diaphragm, which push the cardiometer further up over the ventricles, and therefore raise the volume curve at each expiration.
Such errors are readily recognized, and thus easily avoided. In both figures the synchronous lines marked I. indicate the onset of auricular systole.
At 2 occurs the rise of ventricular pressure marking the onset of ventricular systole.
At 3 the semilunar valves are opened and the discharge begins. The volume curve starts downward, the aortic pressure upward, while the v&tricular pressure rises above 80 mm., and thus exceeds aortic pressure.
At 4 occur the crest of the pulse wave, the ventricular pressure peak, and a notch in the volume curve. At 5 the dicrotic notch in the aortic curve, the shoulder at the end of the ventricular pressure plateau (both at a pressure of 125 mm.), and the blunt point of the volume curve.
At this instant, therefore, occur the end of systole, the completion of the discharge, and the closure of the semilunar valves. The extent to which variations in the volume discharge of the ventricles may occur synchronously with the respiratory movements, is shown in Fig. 14 Examination of this record shows that the differences in the volume curve during the different phases of respiration are entirely dependent on the rate of the heart-beat.
The amount of the discharge of each of the narrow beats occurring during inspiration is diminished not because the ventricles relax more slowly, or are filled less readily, but because one beat follows the preceding before the ventricles have had time to relax. The picture of the respiratory differences in -the heart-beat afforded by this record is probably somewhat exaggerated from the normal.
But the heart-beats accompanying and immediately following inspiration are, except in a very slowly beating heart, always distinctly smaller than the slower beats between respirations.
The up strokes of the volume cutve expressing the filling of the ventricles are as distinctive and almost as uniform as are the systolic down strokes. The differences in the volume curves during the successive phases of the respiratory cycle are due entirely, therefore, to the variations in rhythm.
The rapid sequence of the systoles accompanying and following inspiration causes the systolic down stroke of one beat to set in before the diastolic up stroke from the preceding beat is complete. The slow sequence during the respiratory pause, on the other hand, allows a sufficient interval between successive beats for the completion of the up 1 stroke, or, in other words, for the relaxation of the muscle fibres of the walk of the ventricles and the filling of the ventricular chambers.
This record shows also that the inspiratory increase in rate of beat induces the phenomenon of Treppe in the musculature of the ventricles resulting in a more complete emptying of the ventricular chambers by each systole. Owing to a similar Treppe, or Imore probably, to an F 0 increase of tonus in the auricles, the Hence the failure to record auricular systole during this period.
It is sometimes taught that the inspiratory rise of arterial pressure is due not only to the increased rapidity of beat accompanying inspiration, but also to a greater amplitude of the inspiratory beats induced by the increased negative pressure in the thorax?
No such increase in amplitude occurs under the conditions of these experiments.
Indeed it cannot occur even when the thorax is intact ; for the extent to which the ventricles fill is determined wholly by the length of time allowed for the relaxation of their walls to develop. Cardiac muscle, like striated muscle, at the completion of a contraction does not: pass instantly into a c"ondition of flaccidity; but relaxes at a rate determined by extending force i .I3 tracellular correspondi even ts. There must indeed be some ng to the weight which is hung on the ordinary muscle preparation in isotonic contraction curves. Within wide limits, however, th.e relaxation of a muscle is not perceptibly influenced by variations in the extending force. The rate and extent of the filling of the ventricles is correspondingly independent of variations in the venous pressure (which is their distending force), so long at least as the supply of blood flowing from the veins into the auricles is not diminished, nor its pressure considerably lowered by hemorrhage or other abnormal condition.
Tile record above discussed and many similar tracings support the proposition advanced by Erlanger that the pulse-pressure (the difference between systolic and diastolic arterial pressure) is proportional to the systolic volume discharge of the he+.
The present writer believes, however, that this proposition will require certain qualifications. As further work in this field is promised by Erlanger, the matter will not here be discussed further.
THE FORCE WHICH FILLS THE VENTRICLES.
Whether the filling of the ventricles is wholly dependent on venous pressure, or is due to venous pressure aided by a suction developed within the expanding ventricle, is a question which logically demands discussion in this place ? Yet, as the question is one of considerable difficulty and complexity, this discussion may properly be left for a later paper. Only the conclusion to which the writer has been led will Vdmze Carve of Veahks of-the MammaZialz Heart. 347
here be stated; a conclusion based upon the study of many volume curves, upon a careful repetition of the experiments of previous writers, and upon researches also along novel IinesJ It is as follows: The blood streaming along the veins toward the heart diste'nds the thin but elastic walls of the cardiac reservoirs, -the auricles.
The elasticity of the walls of the auricles, thus brought into play, is the force which during ventricular diastole drives the blood through the auriculo-ventricular orifices, and distends the ventricles as rapidly as their walls relax.
If during the first stage of diastole the ventricles exert a suction, the importance of such action as an aid in the filling of the chambers is slight.
From the hypothesis of an ('active diastole," as postulated by Luciani 2 and Stefani,8 the present writer wholly dissents, although these investigators based their opinions to a great extent upon data similar in character to those described in this paper.
Finally it may be stated that the manner in which the filling of the ventricles is describqi in this paper is not at variance with the conclusion upon this matter to which Porter was led by measurements of the synchronous pressures in the auricle and ventricle, -although at first sight such may appear to be the case. Porter * holds that blood flows into the ventricle from the completion of one systole until the onset of the next.
,411 of the graphic records published by him in support ofcthis opinion exhibit a rapid rhythm of heart-beat.
The volume curves in this paper show concordantly that, when the rhythm of beat is rapid, the filling of the ventricles begins at the completion of one systole and ends at the onset of that succeeding.
They show that it is only when the rhythm is slow that the filling of the ventricles is completed in a period considerably less than that elapsing from the termination of one systole to the onset of the next. THE RELATION OF THE AMPLITUDE OF THE VOLUME CURVE TO THE RATE OF BEAT.
The volume curve, when the rate of heart-beat is slow, may be described roughly as consisting of a down stroke, an up stroke, and a horizontal line. These lines correspond to the contraction, relax-I Conclusions similar to these, and based apparently on similar data are reported by IL von den Velden, Zentralblatt fiir Physiologic, rgo6, xx, p. 73.
2 See page 330 of this paper. 8 See page 332 of this paper, 4 See page 3zg of this paper.
ation, and rest of the cardiac musclq.
They express the discharge of the ventricular chambers, their refilling, and the interval elapsing before t he next d effected chi efly by *ischarge. varytng
Variatio ns in the rate of heart-beat the length of the in .terval of rest.
Wi are thin the limits of the normal variations in the rate of beat the down stroke or discharge and the up stroke or refilling remain practically unaltered.
Within these limits; therefore, the output of the heart per minute must be proportional to the rates of beat. When, however, the rate becomes so rapid that the interval of rest between relaxation and contraction wholly disappears, the output reaches a maximum. Any further increase in the rate of beat necessarily involves a diminution in the volume discharged by each individual beat. Thus the output, which is the product of the rate and amplitude of beat, remains practically stationary.
Indeed, beyond a certain point the diminution in amplitude is more than proportional to any increase in rate. An example of the graphic records on which these statements are based is reproduced in Fig+ 15~ f The three records show the form of the volume curve at rates of go, TZO, and 200 beats per minute respectively.
The first and (for a dog) nearly normal heart rate allows a distinct interval of rest between the completion of the filling of the ventricles and the next discharge.
The second by eliminating this interval attains practically the maxinrum output of this heart. As the difference in the amplitude of the individual beats in the two records is very slight (35 and 33 C.C. respectively), the output per minute indicated is very nearly in the proportion of go to 120. The tremendous rate of the first three beats in the third record, however, diminishes the amplitude of each beat from 33 to 21 CC. The slopes of the up and down strokes of the volume curve remain unaltered. Thus the increase of rate from 120 to 200 does not materially increase the output.
Neglecting the coronary circulation, but remembering that these measurements indicate the volume changes of the two ventricles together, we find the output per minute of each ventricle at the rates of the second and third records to be 1995 and 2 100 C.C. respectively. 1n a communication to the American Physiological Society 2 the writer has expressed the belief that the increase of the rate of heart-beat beyond a MAY 17 190s certain limit involves a more than proportional diminution in amplitude ; that the output is thus progressively diminished until finally a condition is reached in which one beat follows another with so short a diastolic interval that the pumping action of the ventricles practically ceases; that such a "' tetanus of the heart " is the cause of death in at least one form of shock ; and that shock of this form is due to a progressive diminution of the carbon-dioxide content in the blood. The data on which these opinions rest will be presented in a later paper in which will be describ'ed also the technic employed to induce the variations in the cardiac rhythm exhibited in the experiments of this paper.
In the third record in Fig. 15 the volume curve goes considerably lower than in the previous records.
This indicates that the high rate of beat induces a Treppe involving a more complete emptying of the ventricular chambers than occurs at slower rates. At a rough estimate from the data of these experiments it appears that in a heart beating slowly the discharge volume is only two-thirds of the diastolic volume, -the other third of the diastolic volume remaining in the ventricles at the end of systole. The systolic volume of a rapidly beating heart is on the contrary very small, -the cavities of *the ventricular chambers being practically obliterated at the end of systole. Such 'l staircase " variations do not, however, ap.pear to alter materially the form of the volume curve.
They merely determine the level at which the curve occurs.
The variations in the form of the curve and its amplitude are apparently determined wholly by the rate of beat.
THE INFLUENCE OF VAGUS STMULAT~UN AND OF VAGUS SECTION
UPON THE VOLUME CURVE.
During the period of ventricular standstill under the influence of vagus stimulation (Fig. IS) , the auricles executed two fugitive beats.
Their effect on the ventricular volume, as shown in the record, was insignificant. Such records -and many such have been obtainedsupport the view already expressed as to the dynamic unimportance of auricular systole. They indicate also that in respect to the heart of the dog the vagus in some cases exerts a stronger influence over the ventricle than over the auricle. By a careful adjustment of the strength of the stimulation the writer has frequently (although not invariably) succeeded in bringing the ventricles to complete standstill without alteration (or with only a slight slowing) of the auricular beat. This result does not, however, necessitate the recognition of direct connections of vagus fibres with the ventricle.' It is more probable that it is due to a blocking of the waves of excitation in the auriculo-ven tricular bundle, -an explanation which serves also for the occurrence of a considerable lengthening of the period between the end of auricular systole and the onset of ventricular systole on moderate vagus stimulation.
In this connection mention must be made of an observation which has repeatedly occurred in these experiments. vagi (or occasionally on section even of one vagus) the heart not only beats more rapidly, but also sub-maximally, -the amplitude of the volume curve being diminished to an extent considerably more than would be the case coincident with the same increase in rate prior to vagus section (Fig. 16) . From this observation it would appear that the vagus normally plays a part in holding in check each cardiac excitation until it has attained the strength of a maximal stimulus. The sudden withdrawal of this factor upsets the balance of influences which, normally maintaining the *I all or none" character of the heartbeat, allows only of variations in rhythm.
In the course of an hour after vagus section, this balance appears to be readjusted to the changed conditions, for the amplitude of the heart-beat as revealed in the volume curve again becomes maximal.
It is important lo note that this departure from the " all or none law," and from the principles discussed below, occurs only when the heart just prior to the vagus section has been beating at a slow normal rhythm, This observation appears to support the view presented in the latter part of this paper that the influence of the vagus is not a factor in the development (or in checking the development) of the cardiac excitation, but is a factor in checking the discharge of excitation which induces the heart-beat.
THE PKINCIPLES UNDERLYING THE NORMAL VARIXTIONS IN THE BEHAVIOR OF THE VENTRICLES.
The volume curves obtained at different rates of heart-beat, as in the three records of Fig. 15 , appear at first sight to differ widely one from anot her. On more careful comparison, however, these differences are found to be merely the immediate results of the variations in rate.
The individual contraction and relaxation curves at every rate are identical with those at every other rate, so far as the rate allows time for their development.
This identity is readily demonstrated.
Lay a piece of transparent paper over the first contraction curve following vagus standstill in the third record of Fig. 15 , and trace its form from extreme distention down to the point of extreme discharge.
Then place the latter point in the tracing upon the corresponding point of the last contraction previous to the vagus standstill, and trace up along the full sweep of the relaxation throughout the period of vagus stimulation.
The result is a more complete contraction and relaxation curve than any other recorded. If now this more complete volume curve be superimposed upon every other volume curve of this heart in such a way that the points of extreme systolic contraction correspond, it is found that every point in the latter lies in the more complete curve.
It thus appears that the ventricles contract and refill in a manner which is invariable at every rhythm of beat, from the slowest to the most rapid.
The farm of this more complete volume curve expresses the most important properties of the heart.
The gradient: of the down stroke expresses the volume of blood discharged through the semilunar valves during each hundredth of a second that the ventricles are in systole.
This gradient is throughout the greater part of the contraction remarkably uniform. When allowance is made for the fact that the stylus of the recording tambour itself moves in the arc of a circle, the contractiun curve becomes at all points, except its extreme lower end, a line which may be treated as straight.
This indicates that throughout the greater part of this period the rate of discharge is uniform.
The relative volume discharge of every systole, as compared with every other systole, is therefore proportional to the duration of the period of uniform discharge.
Since within the limits of the normal variations in rhythm of beat this period varies very slightly, the systolic discharge volume of any heart must be subject to very slight variations.
Indeed, we may consider that the output per minute of any heart is proportional to its rate of beat up to that rate at which the duration of systole begins to be distinctly abbreviated. The gradient of the up stroke expresses the rapidity of the relaxation of the ventricles.
The more rapid the relaxation during the early part of diastole the higher the rate of beat attainable at which the duration of systole will not be abbreviated nor its discharge volume diminished.
Furthermore, if the complete volume curve is an invariable characteristic for each individual heart, as is here assumed, the form of the complete relaxation curve determines for that heart the duration of systole and of diastole (plus diastasis) at all possible rates of beat, Conversely also it follows from this assumption that the form of this curve may be plotted from measurements of the duration of these periods in the pulse curve.
The duration of diastole (plus diastasis) at various rates of beat must be proportional to the abscissa1 values of points in the complete relaxation curve for which the corresponding ordinatal values must be proportional to the duration of the period of systolic discharge at each of these rates respectively ; for the amplitude of every relaxation fills the measure of the next succeeding contraction ; and the amplitude of the contractions are approximately proportional to their duration.
THE HEART-BEAT A TWITCH CONTRACTION.
In order to appreciate the points which must now be considered, it is advisable to turn the volume curves upside down, so that the contraction and relaxation bear the same relation to the abscissa as is customary in records of striated muscle. When the records are examined in this way, a striking similarity between the volume curve of the ventricles of the mammalian heart and the familiar contraction curves of a muscle nerve preparation becomes immediately apparent. Indeed a little reflection shows us that we are here dealing not merely with a similarity but with an identity. The volume curve is the contraction curve of a muscle. The variations in the volume curve represent variations in the behavior of the muscle of the heart identical with those of a skeletal muscle under similar conditions in respect to stimuli and load. Thus in Figs. g and IO , in which the rate at which the contractions of the heart succeed one another is slow, the volume curve is merely a series of isotonic (or more precisely after-loaded extension) curves, such as are induced by a slow series of single and instantaneous maximal stimuli. In Figs. L I and XZ, the period between successive stimuli shortens during inspiration, so that the time allowed for the relaxations of the muscle of the ventricle is not quite sufficient for it to return to its resting length. In Fig. 14, the interval between stimuli during inspiration is shortened, so that the volume curve takes the form commonly denominated as the r4 ge.nesis of tetanus."
Here, too, the Treppe induced by the rapidly succeedin, w stimuli is as apparent as in tracings obtained from the gastrocnemius of a frog. Only in one respect does this cardiac " genesis of tetanus " differ from the tracings which the note-book of every medical student contains. It shows no evidence of fatigue; 'for every relaxation of the heart, even after hundreds of such rapidly succeeding contractions, returns toward the abscissa along the uniform path of the complete relaxation curve. For this the rapidity of the chemical exchanges allowed by the relatively great volume of blood pouring through the coronary circulation affords a sufficient reason. Finally, if we examine the third record of Fig. 15 , and ask what it is that causes the great lengthening of the muscle fibres of the ventricle and their subsequent prolonged quiescence during vagus stimulation, it is evident that the simple and complete answer is that during this period the muscle receives no stimuli.
THE VENTRICLE AS A WORK-ADDER.
The observation that the volume curve of the ventricles has the same form as the contraction curve of a muscle, leads to the conclusion that throughout the cardiac cycle the volume changes of the ventricular chambers are proportional to the corresponding changes in the length of the muscle fibres in their walls? The relation be-1 Strips of heart muscle appear (according to the graphic records published by a number of investigators) to yield isotonic curves essentially similar in contour to those of striated muscle. See, for instance, the records of ERLANGER on pp.
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The volume of a bag like the heart might be expected to vary not directly, but as the cube of the linear extension of the material composing its walls. The cause of the direct proportionality must be looked for in the arrangement of the fibres of the myocardium. Its attainment affords perhaps the reason for the complex arrangement of the fibres.
The existence of this direct proportionality renders simple the technic of experiments which demonstrate the similarity in the mechanical properties of cardiac and skeletal muscle. The variations in the linear extension and tension of a muscle, when subjected to conditions similar to those under which cardiac muscle works, must be found to be essentially similar to the volume and pressure curves of the ventricles.
The analogies between the volume curve and the isotonic curve, the pressure curve and the isometric curve, as described by Frank, have been quoted earlier in this paper,
The similarity between the volume curve of a rapid series of beats and that of the rl genesis of tetanus " has beeti discussed.
A more rigorous test of the similarity of the properties of cardiac and skeletal muscle may now be described.
The muscle of the ventricles contracts and relaxes under mechanical conditions practically identical with those to which a striated muscle is subjected, when attached to the instrument known as a work-adder.
In order to establish the validity of the thesis that the mechanical properties of cardiac and skeletal muscle are essentially the same, it must be demonstrated that the latter, when attached to a work-adder and properly stimulated, behaves as does the normally beating heart.
The rhythm of discharge of successive stimuli must be slow.
Each stimulus must be single, instantaneous, and maximal. Under these conditions the curves of the tension and extension of the muscle should be found to be similar in form to the ventricular pressure and volume curves; and these curves should bear the same chronological relations to each other and to the movements of the ratchets of the work-adder that the curves from the heart bear to each other and to th& movements of the heart valves.
In Fig. 17 are reproduced the tension and extension curves obtained from the gastrocnemi'us muscle of a frog, working under the conditions shown in Fig. 18 . The origin of the muscle is attached to the spring of a Hiirthle manometer by means of a lever. The stylus of the manometer records the changes of tension on the muscle fibres. The Achilles tendon is attached to the lever of the work-adder, so that this lever records the changes in the length of the muscle. One ratchet (A. V.) upon the wheel of the work-adder performs a function similar to that of the auriculo-ventricular valves. The other ratchet (SL) supports the load while the muscle is relaxing,-just as the semilunar valves support arterial pressure during diastole. Above the tension curve are indicated the points FIGURE 17 L -One-half the original size T, the tension, and E, the extension curves of the gastrocnemius muscle of a f rag contracting under the conditions shown in Fig. 18 . The up and down strokes of the lines S.L. and AX. indicate the points of opening and clrosing, respectively, of the ratchets corresponding to the heart valves, The relations of these events to the tension and extension are indicated by the syncl~ronous lines on the third " beat? FIGURE 18 . -The upper part of the apparatus here represented consists of the spring and stylus of a Hiirthle manometer and an additional lever, to which the origin of the muscle is attached.
Thus the tension of the muscle is recorded.
The Achilles tendon is attached to a lever, by which the changes in the length of the muscle are recorded.
By means of the ratchet A. K the muscle at each contraction turns a large wheel and thus raises a heavy weight. When the contraction is complete and the muscle begins to relax, the ratchet S.L. holds the wheel and supports this weight, while the muscle is extend4 by the small weight on the lever.
at which these ratchets open and close. The weight hanging from the axle of the wheel corresponds to arterial pressure. The distance through which this weight is lifted #at each contraction of the muscIe corresponds to the volume of the blood discharged at each systole. The small weight hanging from the lever of the work-adder, so as to extend the muscle to its original length after each contraction, corresponds to the distending fame of venous pressure.
Examination of the record shows that the points of opening and closing of the ratchets bear essentially the same relations to the ten-sion curve as the graphic records obtained by Chauveau from the heart of a horse exhibit between the movements of the cardiac valves and the intraventricular pressure curve. 1 Indeed, the tension and extension curves of the muscle throughout a cycle reveal practically all the characteristics of the pressure and volume curves of a heart whose rate of beat is slow.
If the rate at which successive stimuli are applied to the muscle is progressively increased, the total amount of work done is increased at first proportionately (Fig. 19) . The load is lifted further per minute, just as the volume of blood discharge is increased proportionately to an increase in the heart rate. When, however, the interval between successive stimuli becomes shorter than the period required for a contraction and complete relaxation, the work done per minute is diminished, just as it has been shown that the output of the heart reaches a maximum, above which maximum an increase in rate causes a diminution in amplitude.
Thus a striated muscle, when working under conditions similar to those to which cardiac muscle is subjected, satisfies the requirements of the principles which have been postulated as controlling the heart, -passing rhythmically through three states, contraction, relaxation, and rest, and exhibiting in its tension and extension curves a behavior identical with that of the heart. THE PERIODS OF THE CARDIAC CYCLE, Regarded in this manner the cardiac cycle is seen to consist not only of two periods, but of three; for the heart when beating at a slow natural rate passes rhythmically through three states.
x. Systole, the period of the contraction of the ventricular muscle fibres including, a. The brief interval of rapidly rising tension prior to the opening of the semilunar valves, and b. The period of discharge lasting from the opening to the reclosing of the semilunar valves.
2. Diastole, the period of the relaxation of the ventricular muscle, including, a, The brief interval of rapidly falling tension beginning at the instant of closure of the semilunar valves and ending with the opening of the auriculo-ventricular valves, and B, The period of the refilling of the ventricular chambers beginning at the opening of the auricular valves and ending gradually as the muscle ceases to relax?
3. Diastasis, the period of quiescence beginning gradually as diastole ceases and ending abruptly at the onset of the next systole. During this period there may be no further relaxation of the ventricles if the number of beats executed in the few seconds preceding has been few, and the tonus is therefore slight.
If, however, the beats have been occurring in rapid succession, there may be a gradual relaxation throughout this period as the tonus thus induced gradually wears off. This period is of extremely variable duration. Stimulation of the vagus allows the ventricle to come to res't, not in diastole (as the term is here used), but in diastasis. Increase of rapidity of beat up to the point of maximal output is accomplished almost entirely by the abbreviation of this period. At the rate of maximal output, systole follows diastole immediately, and there is no diastasis. With respect to auricular systole it wiil be evident that, since it always immediately precedes ventricular systole, it may occur dliring the latter part of ventricular diastasis when the rate of beat is slow; during the latter part of diastole when the rate is that of the maximal output, or even immediately after the preceding ventricular systole when the rate is very abnormally rapid.
THE PROPERTIES OF CARDIAC MUSCLE, THE FVNCTIONS OF THE NERVE NET, AND THE NATURE OF THE VAGUS INFLUENCE.
We may now consider briefly the bearing of the data and discussion above presented upon the question uf the cause. and nature of the heart-beat.
Without
attempting to review the ever-increasing complexity, to which the myogenic hypothesis has been developed, we may ask, Does the explanation of the behavior of the mammalian heart, as revealed in the volume curve, involve fewer and simpler assumptions if we adhere to the myogenic, than if we employ the neurogenic hypothesis ? To this question the writer feels constrained to answer in the negative. Indeed, the analogy which has been drawn between the behavior of the heart and that of a muscle attached to a work-adder and reacting to maximal stimuli discharged by apparatus separate from the muscle, seems almost of necessity (since like results seldom follow from any but like causes) to involve a recognition of a separation of functions in the heart similar to that between the muscle and the stimulating apparatus. Yet the distinction between the two hypotheses in regard to the heart-beat lies in the recognition or rejection of the idea that the machinery which generates the cardiac stimuli is distinct from that which reacts to the stimuli; and in the recognition or rejection of the view that the influence of the vagus is primarily exerted not directly upon muscle, but upon the stimulating mechanism contained in plexus.
the card iac the card iac
The standstill of the ventricle under the influence of vagus stimulation has been defined above as " a period during which the muscle fibres of the ventricles receive no stimuli."
The slowing of the beat by more moderate stimulation is merely a " lengthening of the periods between stimuli," -at least this is the explanation of the changes in the volume curve which would be given by any physiologist who was shown such a record 'as th6 lower tracing in Fig. 15 , and whoknowing nothing more of it than that it expressed a series of contractions of a muscle-was asked to explain its significance. The volume curves afford, therefore, no support to the idea that the vaps is a 4' diastolic nerve" in the sense (as held by Stefani) that 'I it actively induces an increase in the cardiac volume"; 1 nor to the view that the vagus exerts a direct regulative influence on the tonus of the ventricles ; nor that the vagus "directly promotes the anabolic or assimilatory processes in the cardiac muscle," as held by Gaskell? On the contrary the behavior of the ventricle of the dog's heart, as expressed in the volume curve, is identical with that of the gastroc-nemius muscle of a frog, when the stimuli applied to the muscle are itlstantaneous and maximal.
In the reactions of the muscle under these conditions all variations are dependent on one fundamental variable, -the rate at which stimuli are applied.
All similar variations in the behavior of the hear: may be explained as dependent on one fundamental variable, -the rate of beat. All the variations in the behavior of the normal heart, induced by the vagus, appear to he readily explainable as due to a lengthening of the periods between stimuli.
The simplicity of this explanation of the underlying reasons for the variations in the behavior of the mammalian heart, is in marked contrast to the complexity of those to which Gaskell, Engelmann, and other supporters of the myogenic theory of the heart-beat have been led by the study principally of the frog's heart.
Thus Gaskell holds that in respect to '4 the primary action of the vagus on the heart of the cold-blooded animals, . . . the inhibitory action is a direct one of nerve fibre upon muscle fibre, and affects all the properties of the muscle fibre in the same wayrhythnnicity, excitability, conductivity, contraction-force, and tonicity." I Engelmann 2 goes even further and postulates the existence in the vagus of distinct sets of nerve fibres controlling respectively the chronotropic, bathmotropic, dromotropic, and inotropic variations, which he finds in the frog's heart. The volume curves presented in this paper show that the mammalian heart also varies in rhythmicity, tonus, and contraction-force (or amplitude).
When the respiratory variations are prominent, the interval between auricular and ventricular systole also exhibits variations which indicate differences of conductivity. Fig. 15 and the textual remarks upon it indicate variations in excitability.
Yet all these phenomena, at least as they appear in the mammalian heart, admit of ready explanation in the simplest manner if we relinquish the myogenic theory, and postulate for cardiac muscle only such properties as are possessed by striated muscle.
Adopting the neurogenie hypothesis we may consider that the variations in the behavior of the muscle of the heart, exhibited in the volume curve, indicate processes in the nerve net resulting in discharges of stimuli into the muscle similar to those which when applied to striated muscle produce a similar behavior.
We may then employ a muscle nerve preparation as an instrument from whose reactions under known con-
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The first conclusion, to which this line of reasoning leads is that the plexus normally discharges.only maximal stimuli; for every contraction is maximal ; and since tonus at every instant is proportional to the number of beats in the period immediately preceding, we must infer an entire absence of' those subminimal stimuli which induce tone in a resting skeletal muscle. The statement that the plexus of the mammalian heart normally discharges only maximal stimuli, must not be understood to mean that the plexus is essentially incapable of submaximal discharges.
On the colltrary, when the mammalian heart ceases to beat vigorously with complete co-ordination and uniform rhythm, its volume curve may exhibit a wide diversity of forms. Such curves resemble the contraction curves of striated muscle induced by stimuli of irregular series and submaximal strength. They may be explained accordingly as due to irregular and submaximal discharges by the cardiac plexus. Regarded thus they strengthen the view that cardiac muscle is merely a somewhat modified variety of striated muscle, and that the behavior of each is equally the expression of the stimuli discharged into its fibres through nervous channels, The essential difference in the behavior of the heart and that of a skeletal muscle in the living body lies in this, -that the contractions of the latter usually occur under the influence of a very rapid series of submaximal stimuli. They are tetani of greater or less duration and strength.
The beat of the heart, on the contrary, is a 64 twitch " contraction induced by a single and nearly instantaneous stimulation. To the cardiac plexus we must accordingly assign the property of effecting a continual algebraic summation of various stimuli, chemical (such as oxygen, the Na, K, and Ca ions, etc.), mechanical (from the coronary and venous pressures), and nervous (from vagi and accelerators) in such a manner that the excited' state of each unit of the plexus is not discharged into the muscle until it has swollen to the proportion of a maximal stimulus. Indeed, by utilizing the modern view of the properties of the synapse, we may explain the all or none character of the heart-beat by assuming that, as compared with the interneuronic connections in the central nervous system, the junctions of the nerve units composing the cardiac plexus are of high resistance.
Normdlly they yield no passage to any excitation of an intensity less than that which will induce a maximal contraction in the cardiac muscle.
When, however, the pressure of excitation becomes sufficient to break through the junction, the passage is wholly free and complete.
Furthermore, the entire range of vagus influence appears to be explainable on this view by the assumption that all its fibres belong to a single class, and that their function is to increase, or under uniform normal conditions to assist in maintaining, the resistance of these junctions .I This assumption accounts for the immediate results of the section of both vagi previously described.
It accounts for the slowing of a normal rhythm without increase of amplitude of beat; for while under such conditions the excitations must be dammed back to a supermaximal intensity, supermaximal stimuli can induce in muscle only maximal contraction.
It accounts for the increased amplitude which accompanies slowing, when the functional activity of the plexus is below normal and its discharges are therefore submaximal.
Finally, it accounts for the variations induced by vagus stimulation in rhythmicity, excitability, and conductivity. Tonus and amplitude of beat (both in respect to Treppe and to genesis of tetanus) have already been explained, at least for the normal heart, as the reactions of the cardiac muscle to the rhythm of stimulation.
CONCLUSION.
Since the ventricles can discharge at each systole only so much blood as enters their chambers during diastole, the principles controlling and the conditions determining the diastolic filling of the ventricles control and determine the variations in the volume of the blued which is discharged into the arteries at each heart-beat. Present knowledge of this subject, so far as it is based upon observation and experiment upon the mammalian heart, is not sufficient to afford a clear and complete explanation of these principles and conditions.
Present teachings indeed consist largely in an immediate application of data obtained from the frog's heart to the explanation of the mammalian circulation.
The study of the frog's heart has shown that apart from variations in arterial pressure and rhythm of beat " the amount of t-he heart work is capable of being varied within wide limits by variations in the venous pressure, and more so still by variations in the force of the auricular contractions." Indeed, in the frog it appears that (' it is through its influence on the auricle, which must be looked upon as a much more highly developed organ than the ventricle, that the nervous system regulates the work done by the heart ." 1 It appears from the data presented in this paper that these statements do not hold true for the mammalian heart under conditions altered from the normal no further than the opening of the thorax. While the filling of the ventricles of the mammalian heart will of course be interfered with by any condition which interferes with the flow of the blood along the veins toward the heart (such as extensive hemorrhage or choking), the extent of filling of the ventricles is not appreciably varied by variations in venous supply or pressure within normal limits. Auricular systole plays a part which is mechanically of very minor importance in the normally beating heart. The mechanical function of the auricles of the mammalian heart appears to be more nearly analogous to that of the sinus venosus than to that of the auricles of the frog.
The mammalian auricles are to be regarded as elastic reservoirs rather than as force pumps. When the dog's heart is beating at a slow natural rhythm the ventricles are refilled so rapidly after each discharge that a period of quiescence may intervene after the refillin g is completed, and before the onset of auricular systole.
Under such conditions the auricles inject only a small fraction of a cubic centimetre of blood into the already distended ventricIes.
The currents in the blood thus induced may cause the closure of the auriculo-ventricular valves. Except for this possible effect auricular systole is a factor of almost negligible dynamic value.
The vagus exerts one fundamental influence upon the mechanics of the mammalian heart when beating with normal vigor.
It slows the rate of beat. All other mechanical variations in the pumping action of the heart are derivatives of this fundamental. Thus the influence of the vagus upon the auricles is important only as alterations of auricular rhythm induce corresponding alterations in ventricular rhythm.
The vagus indeed exerts (indirectly) an influence upon the ventricle, stronger than that upon the auricle; -for in these experiments it has repeatedly (although not invariably) been found possible, by a nicely adjusted strength of stimulus, to bring the ventricle into standstill without altering, or with only a slight slowing of the auricular rhythm. At all rates below this optimum, the volume discharge of all beats is nearly uniform, Up to the optimum rate the output of the ventricles per minute varies almost directly in proportion with the rate.
At the optimum rate no period of diastasis occurs ; systole follows immediately upon diastole. Increase of rapidity of rhythm above this rate involves a shortening of systole, a diminution of the volume discharge of each beat, and no further increase in output. This behavior of the ventricles is similar to that of an excised muscle, as represented in curves of superimposed contractions, and genesis of tetanus.
(3) The systolic discharge volume of normal heart beats is approximately 60 per cerit of the total volume d#erence between extreme relaxation (as after prolonged vagus standstill) and extreme contraction (as exhibited in hearts which at autopsy are found c' in systole "). At slow normal rhythms the ventricles do not relax wholly after each beat; for during vagus standstill, as the tonus of the muscle wears off, t.heir volume is gradually increased to the extent of an additional 10 or 15 per cent. Nor at such rhythms are their chambers emptied by systole ; from 20 to 30 per 'cent of their diastolic volume is retained, for the volume of the ventricles is further diminished to this extent by thedevelopment of the *' cardiac tetanus " above mentioned. In respect to the cardiac muscle it appears that both the diastolic contraction remainder (tonus) and the systolic contraction excess (Treppe) at the onset and end of each beat respectively depend in nearly equal degree upon the rhythm of the beats during the few seconds preceding. In other words, the increase of tonus with each increase of rate up to the optimum rate appears to diminish the diastolic volume of the ventricles by amounts equal to -or slightly greater than -the amounts by which the coincident development of Treppe diminishes their systolic volume. The amplitude of beat or systolic discharge volume is therefore nearly uniform at all suboptimal rates, while such variations as do occur tend toward a diminution of the amplitude of beat at high as compared with low rates.
(4) The contraction and relaxation curves at every rate are identical with those at every other rate so far as the rate allows time for their development. The manner in which the ventricles contract and refill, as expressed in the I4 complete contraction " and (' complete relaxation " curves, is for any heart an invariable individual characteristic. The form of this complete volume curve determines the dura-tion of systole and of diastole (plus diastasis) at all possible rates of beat.
(5) The explanation of the behavior of the heart, as revealed in the volume curve, upon the analogy of similar curves obtained from a muscle nerve preparation, leads the writer to the conclusion that the simplest explanation of this behavior is found in the neurogenic hypothesis of the heart-beat.
According to the explanation here offered, cardiac muscle possesses those properties and those only which are possessed by ordinary striated muscle. The properties of the cardiac plexus are such as result in the discharge of stimuli of a character similar to those which induce in a skeletal muscle a behavior similar to that of the heart. This explanation involves the assumption of only one set of fibres in the vagus,-all of identical character, -whose function is that of regulating the resistance offered by the junctions of the nerve units composing the cardiac plexus to the transmission of excitation.
CA DDENDUM.- The principal argument of this paper is based upon the assumption that the isotonic curve of cardiac muscle is similar in form to that of skeletal muscle.
That such is the case in respect to mammalian cardiac muscle has, however, been denied by E'redericq,' who holds that the contraction curve of this tissue has a trapezoidal form similar to that of the intraventricular pressure curve. While this objection to our argument might be met with the suggestion that the method employed by Fredericq may have recorded the tension rather than the extension of the cardiac muscle (as in records of the apex beat in man), we are inclined to believe that this is not the principal explanation of the curves obtained by Fredericq.
We have observed that skeletal muscle (gastrocnemius of frog) also yields trapezoidal or contracture curves when *working under mechanical conditions similar to those to which the cardiac mu&e was subjected in Fredericq's experiments. If the small extending weight on the lever of the work-adder to which a frog's gastrocnemius is attached (as shown in Fig. 18 ) be so reduced as barely to re-extend the muscle a few contractions may transform the normal extension curve into a typical contracture curve, or even induce a permanent contracture from which the muscle does not recover its extensibility. A tendency toward the trapezoidal form is exhibited in the extension curves of Fig. 19 . Furthermore we find that the reason that the left ventricle of the heart of a cat or dog under perfusion with Locke's fluid frequently fails to beat, while the remainder of the heart beats vigorously, lies in a contracture due to the absence of any distending force within the ventricular chamber. We have repeatedly seen cats' hearts in which the left ventricle under this treatment recovered so completely that within a minute it was pumping normal volumes against a normal arterial pressure (150 ems. of Locke's fluid). Within two minutes after the supply of fluid to the auricle was stopped the left ventricle passed again into complete contracture standstill, although the perfusion of the coronary vessels from the aorta continued unaltered.
We conclude thei-efore : (I) That the contracture curves obtained by Fredericq are due to the fact that in his experiments the heart was perfused but not distended.
(2) That the similarity of the contracture developed by mammalian cardiac muscle and that induced in a skeletal muscle by similar mechanical conditions is an additional indication of the fundamental identity in the properties of these two varieties of muscle.
(3) That any real suction pump action by the left ventricle is impossible, for the lack of a pressure in the auricle sufficient to distend the ventricle results in a contracture of the ventricular muscle.
In further support of this conclusion it may be stated that we have performed three experiments (using the general method described in the foregoing paper) in which a pressure was exerted upon the ventricle oif the heart of a dog by forcing air into the cardiometer.
When the pressure upon the ventricle was raised to within 3 mm.
of mercury of the venous pressure at the same instant, the pumping action of the heart was practically abolished, -as was indicated by the sudden fall of arterial pressure.]
